Introduction
============

PM2.5 refers to the suspended particles in the air with a diameter ≤2.5 *µ*m. PM2.5 can stay in the air for a long time, and high concentration of PM2.5 can lead to serious air pollution. With special morphological and physical properties, PM2.5 can enter the bloodstream through the respiratory tract to cause reproductive toxicity, and increase the incidence of cancer ([@b1-ol-0-0-9516]--[@b4-ol-0-0-9516]). PM2.5 was first recognized as a type of carcinogen by the World Health Organization in October 2013. PM2.5 can induce a variety of malignancies including brain tumors, leukemia and cervical cancer. Studies have shown that long-term exposure to PM2.5 can reduce life expectancy, and can also increase the incidence of a variety of chronic diseases, such as asthma, bronchitis and cardiovascular disease ([@b5-ol-0-0-9516]--[@b8-ol-0-0-9516]).

IL-1 is an important immunomodulatory factor that plays important roles in regulating the immune function of cells, and participates in the endocrine system, nervous system and the inflammatory reaction in the human body ([@b9-ol-0-0-9516]). IL-6 is a type of inflammatory factor that plays a pivotal role in female reproductive tract infections and is expressed in cervical epithelial cells, renal cell carcinoma epithelial cells, and multiple myeloma tissues ([@b10-ol-0-0-9516]). It has been reported that ([@b11-ol-0-0-9516]) PM2.5 inhalation can cause lymphocyte aggregation, neutrophil infiltration and other inflammatory reactions. Inflammatory cytokines IL-1 and IL-6 promote cell aggregation, and the levels of IL-1 and IL-6 reflect early inflammatory reaction in the human body ([@b12-ol-0-0-9516]). In this study, HeLa cells were stimulated by PM2.5 to observe the effects of PM2.5 on proliferation and invasion of HeLa cells and on the expression levels of IL-1 and IL-6.

Materials and methods
=====================

### Main reagents and equipment

HeLa cells (The Institute of Basic Medical Sciences of the Chinese Academy of Medical Sciences, Beijing, China); RPMI-1640 medium (R8758; Sigma-Aldrich; Merck KGaA, St. Louis, MO, USA); trypsin (15400054; Gibco; Thermo Fisher Scientific, Inc., Carlsbad, CA, USA); fetal bovine serum (04-001-1ACS; Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China); rabbit anti-human IL-1 and IL-6 monoclonal antibodies, horseradish peroxidase, goat anti-rabbit IgG secondary antibody, and IL-1 and IL-6 enzyme-linked immunosorbent assay (ELISA) kit (701304, 701028, MA110371, A-11034, KHC0011, BMS213-2; Thermo Fisher Scientific, Inc.). TRIzol reagent and RT-PCR kit (15596018; Invitrogen; Thermo Fisher Scientific, Inc.). Reverse transcription kit and TaqMan miRNA kit (4374966; Applied Biosystems; Thermo Fisher Scientific, Inc.). High-speed refrigerated centrifuge (AVANTIJ-15R; Beckman Coulter, Inc., Brea, CA, USA). Microplate reader (51119700DP; Gibco; Thermo Fisher Scientific, Inc.). Constant temperature CO~2~ incubator and ABI 7900 real-time PCR instrument (Applied Biosystems; Thermo Fisher Scientific, Inc.).

The study was approved by the Ethics Committee of the Third Affiliated Hospital of Guangzhou Medical University (Guangzhou, China).

### Preparation of PM2.5 turbid liquid and particle treatment

A piece of glass fiber filter paper (200 × 250 mm) was placed in a thermostat at 100°C for 1--2 h. During sampling, filter paper was placed on the filter paper holder with tweezers and fixed. The flow rate of the sampler was controlled between 1.1 and 1.7 m^3^/min. After sampling, the filter paper was collected and placed in a desiccator for 6 h. The filter paper containing the particles was cut into 1-cm^2^ pieces and immersed in three kinds of steam water. Ultrasonic oscillation was performed 4 times, 30 min per time. Then fluid was filtered through 6 layers of gauze, followed by centrifugation at 10,000 × g, 4°C for 20 min. Suspension was collected in a glass plate, vacuum frozen, vacuum dried, and stored in a low temperature freezer. A certain amount of sample was mixed with DMEM cell culture, followed by ultrasonic oscillation for 15 min. Stock solution was sterilized and stored at 4°C. Ultrasonic oscillation for another 5 min was performed before use ([@b13-ol-0-0-9516]).

### Cell culture and treatment

HeLa cells were collected during logarithmic growth phase, and were digested with 0.25% trypsin. Cells were resuspended in cell culture medium containing 10% fetal bovine serum to a final density of 2.5×10^5^/ml. After incubation for 24 h, the cells were washed 3 times with PBS. Finally, 20 *µ*l of particle suspension were added for the final concentrations of 0, 10, 25, 50, 100 and 200 *µ*g/ml, respectively. Concentration of 0 *µ*g/ml was used as negative control. Each treatment was repeated 3 times, and the cells were cultured in an incubator (37°C, 5% CO~2~).

### MTT assay to detect cell proliferation

HeLa cells at a density of 4.5×10^3^ cells/ml were transferred to a 96-well plate with 200 ml in each well. Three replicate wells were set for each experiment. The cells were cultured in an incubator (37°C, 5% CO~2~) for 4 h, followed by the addition of 20 *µ*l (5 mg/ml) of MTT reagent into each well. After cell culture for another 5 h, supernatant was removed and 200 ml DMSO were added. After shaking for 15 min, a microplate reader (490 nm) was used to read the OD values and the cell growth curve was plotted.

### Transwell assay

Cell invasion ability was measured by Transwell assay. Briefly, 80 *µ*l of diluted Matrigel solution were used to cover the entire upper membrane. After keeping at room temperature for 1.5 h, 500 *µ*l cell culture medium containing 20% FBS were added to the lower chamber, while HeLa cells (4×10^3^) in serum-free medium were added into the upper chamber. After incubation for 24 h, the cells that failed to invade the membranes were removed and H&E staining was performed. Three visual fields were selected under an optical microscope to count the cells 3 times.

### Western blotting

Total protein was extracted from the collected cells using RIPA pyrolysis (P0013B; Beyotime Institute of Biotechnology, Shanghai, China). BCA method (P0009; Beyotime Institute of Biotechnology) was used to detect the protein concentration, and the calculated protein was added to 5X SDS sample buffer at 1/4 volume. For SDS-PAGE electrophoresis separation, the constant voltage was 80 V at 8% stacking gel, and it was changed to 120 V at 5% separate gel; in the ice bath at 80 V for 100 min. The membrane was transferred to difluoroethylene film, the protein bands were dyed with Ponceau S., washed after soak in PBST for 5 min and stored in 5% skimmed milk powder at 4°C for the night. After the antibodies were diluted with PBST containing 1% skimmed milk powder, IL-1, IL-6 monoclonal antibodies (1:1,000) were added and sealed at 4°C for the night. After the primary antibody was removed, the membrane was washed with TBST, and horseradish peroxidase labeled goat anti-rabbit secondary antibody (1:5,000) was added. It was incubated at 37°C for 1--2 h, and rinsed 5 times with TBST, 5 min each time. Developed in the darkroom, the liquid was blotted on the film with filter paper, ECL gloss agent (Beyotime Institute of Biotechnology) was applied, and exposed after 5 min. The gray value was analyzed using Quantity One software (Bio-Rad Laboratories, Inc., Hercules, CA, USA) by scanning protein bands, where the relative expression level of protein was equal to the gray value of target protein bands/GAPDH protein bands.

### RT-qPCR

The collected cells were extracted with TRIzol for total RNA extraction, and the extracted total RNA was tested for purity, concentration and integrity using ultraviolet spectrophotometry and agarose gel electrophoresis. Total RNA was reverse transcribed using a reverse transcription kit, and the operation steps were strictly followed according to the manufacturer\'s instructions. cDNA preservation of reverse transcription was collected and part was taken for subsequent experiments. PCR kits were used for PCR amplification experiments, and the PCR reaction system was 2X TransStart^®^ Top Green qPCR SuperMix (TransGen Biotech, Beijing, China) 10 µl, upstream and downstream primers (each 0.4 µl), cDNA 2 µl, 50X ROX Reference Dye II (Thermo Fisher Scientific, Inc.) 0.4 µl. nuclease-free water was added to complete to 20 µl. The PCR reaction conditions were: 95°C predegeneration for 30 sec, 95°C for 5 sec, 60°C for 30 sec and 40 cycles. Three duplicate wells were set for each sample, and the experiment was conducted three times. In this study, GAPDH was used as internal reference, and 2^−ΔCq^ was used to analyze the data ([@b14-ol-0-0-9516]) ([Table I](#tI-ol-0-0-9516){ref-type="table"}).

### ELISA

According to the manufacturer\'s instructions, the test was performed as follows: the collected cells were added to 50 µl of standard substance solution at different concentrations in blank micropores; 50 µl of distilled water were added to the blank control well and 50 µl of antibody were added. In the rest of the micropores, 40 µl of the sample were firstly added and then 10 µl of the biotin-labeled antibody were added. The plate was sealed and incubated at 37°C for 30 min. When the plate was washed in each well, it was ensured that it was full and not overflowing; it was left to stand for 30 sec, discarded and patted dry, 5 times in total. After 50 µl enzyme-labeled solution was added to each hole, the plate was sealed again and incubated at 37°C for 60 min. The plate was washed again for 5 times, and patted dry with absorbent paper at the last time. A total of 100 µl/well horseradish peroxidase marker was added before sealing the plate and incubated in the dark under 37°C for 15 min. Another 100 µl/well chromogenic substrate TMB was added, and incubated in the dark at room temperature for 20 min. Finally, 50 µl/well stop buffer was added, and enzyme standard instrument was used for testing within 15 min. The maximum absorption wavelength of 450 nm was measured. Three sets of repeat wells were set, and the experiment was repeated for 3 times.

### Statistical analysis

SPSS 20.0 software package (IBM Corp., Armonk, NY, USA) was used for the statistical analysis of the collected data and GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA) for the figures. Measurement data were expressed as mean ± standard deviation (mean ± SD), and were compared by t-test (between two groups) and one-way analysis of variance (among multiple groups). LSD test was used as a post hoc test. Repeated analysis of variance was used for comparisons among multiple time-points. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Effects of different concentrations of PM2.5 on HeLa cell proliferation

The results showed that PM2.5 at 10 *µ*g/ml had no significant effect on cell proliferation, while PM2.5 inhibited the proliferation of HeLa cells at the concentrations of 50--120 *µ*g/ml, in a concentration-dependent manner (P\<0.05) ([Fig. 1](#f1-ol-0-0-9516){ref-type="fig"}).

### Effects of PM2.5 on the invasion of HeLa cells as detected by Transwell assay

We detected the migration of cells in two groups by Transwell invasion assay. The results showed that the number of migrating cells in HeLa cells after 10 *µ*g/ml PM2.5 stimulation was significantly higher than that in NC group (P\<0.05). It could be concluded that an appropriate concentration of PM2.5 could increase the invasion ability of HeLa cells ([Fig. 2](#f2-ol-0-0-9516){ref-type="fig"}).

### Effects of PM2.5 on the expression levels of IL-1 and IL-6 as detected by western blotting

We detected the expression of IL-1 and IL-6 protein in two groups of cells by western blotting. It was found that the relative expression levels of IL-1 and IL-6 proteins in HeLa cells stimulated by 10 *µ*g/ml PM2.5 for 24 h were significantly higher than those in HeLa cells of NC group ([Fig. 3](#f3-ol-0-0-9516){ref-type="fig"}).

### Effects of PM2.5 on the expression levels of IL-1 and IL-6 as detected by RT-qPCR

The expression of IL-1 mRNA and IL-6 mRNA in two groups of cells was detected by RT-qPCR. The relative expression levels of IL-1 mRNA (2.84±0.57) and IL-6 mRNA (2.71±0.31) in HeLa cells stimulated by 10 *µ*g/ml PM2.5 were significantly higher that the expression levels of IL-1 mRNA (1.021±0.171) and IL-6 mRNA (1.035±0.023) in NC group (both P\<0.05) ([Fig. 4](#f4-ol-0-0-9516){ref-type="fig"}).

### Effects of PM2.5 on the levels of IL-1 and IL-6 proteins as detected by ELISA

The expression levels of IL-1 and IL-6 in two groups of cells were detected by ELISA. The expression levels of IL-1 (1.27±0.33) and IL-6 (1.53±0.47) in HeLa cells after 24 h stimulation with 10 *µ*g/ml PM2.5 were significantly higher than the levels of IL-1 (0.12±0.04) and IL-6 (0.32±0.09) in NC group (P\<0.05) ([Fig. 5](#f5-ol-0-0-9516){ref-type="fig"}).

Discussion
==========

As the most common carcinogenic substance, PM2.5 exists in the air in the form of solid or liquid. PM2.5 contains harmful and toxic substances that can exist in air for a long time, bringing adverse effects on human health, air quality and environment ([@b15-ol-0-0-9516]). PM2.5 inhalation affects lung gas exchange, and promotes the occurrence of respiratory diseases, cardiovascular and cerebrovascular diseases, and other diseases such as asthma, arrhythmia and myocardial infarction ([@b16-ol-0-0-9516]).

IL-1 is an inflammatory mediator released by activated giant cells and related inflammatory cells. IL-1 can cause infiltration of granulocytes and macrophages, which in turn lead to the occurrence of pulmonary inflammation. IL-1 can be combined with gp130/IL6R to form heterosextrains to stimulate protein tyrosine kinase, leading to the expression of oncogenes and the occurrence of tumorigenesis ([@b17-ol-0-0-9516]). It has been reported that IL-1 expression levels are significantly lower in normal individuals than those in cervical cancer patients, and studies have shown that IL-1 is a risk factor for cervical cancer ([@b18-ol-0-0-9516],[@b19-ol-0-0-9516]). IL-6 is a multifunctional cytokine, and its receptors belong to the erythroid receptor superfamily which are overexpressed on the surface of non-lymphoid and lymphoid cells. It has been demonstrated ([@b20-ol-0-0-9516]) that IL-6 can be secreted by both epithelial cells and fibroblasts in the cervical mucosa. IL-6 not only promotes the proliferation of cervical epithelial cells but also promotes the proliferation of non-tumor-derived HPV-transfected immortalized cells, eventually leading to the transition from cervical lesions to malignant tumors.

HeLa cells are human cervical adenocarcinoma cells. Compared with other cancer cells, HeLa cells have high proliferation ability but the price is low. PM2.5 levels in cities are generally between 8 and 14 *µ*g/m^3^, and high PM2.5 concentrations limit individuals\' outdoor activities. Therefore, we selected 10 *µ*g/ml PM2.5 to treat HeLa cells. This study found that the proliferation rate of HeLa cell is negatively associated with PM2.5 concentration. However, PM2.5 at 10 *µ*g/ml showed no significant effect on proliferation of HeLa cells (P\>0.05), while higher concentrations of PM2.5 inhibited cell proliferation in a concentration-dependent manner. Our finding is consistent with previous studies which have reported that high concentration of PM2.5 can inhibit the proliferation of cells ([@b21-ol-0-0-9516]). However, Yang *et al* ([@b22-ol-0-0-9516]) have reported that high concentration of PM2.5 promotes the proliferation of H1299 cell lines, suggesting that effects of PM2.5 on cell proliferation may be different for different types of cells under the same conditions. Transwell assay showed that, compared with NC group, HeLa cells treated with 10 *μ*g/ml PM2.5 showed significantly increased invasion ability (P\<0.05), indicating that PM2.5 at 10 *μ*g/ml can promote the invasion of HeLa cells. Invasion ability of HeLa cells is relatively weak, and the increased invasion ability may increase the invasion of tumor cells to surrounding tissues, which in turn increase the degree of malignancy of cervical cancer. RT-qPCR, western blotting and ELISA were performed to detect the expression of IL-1 and IL-6 in HeLa cells treated with PM2.5 at 10 *µ*g/ml. The results of RT-qPCR and western blotting showed that the expression levels of IL-1 and IL-6 in HeLa cells were significantly increased after treatment with PM2.5 at 10 *µ*g/ml for 24 h. However, IL-1 and IL-6 are secretion inflammatory factors and their protein levels usually do not change significantly. Therefore, supernatant of cell culture was collected, and ELISA was performed to detect the levels of IL-1 and IL-6 proteins. Results showed that treatment with PM2.5 at 10 *µ*g/ml significantly increased the secretion levels of IL-1 and IL-6 proteins. We are unable to perform flow cytometry and Ki-67 because of the limitations of the present funds and conditions. We will try to improve our study in the following research.

In conclusion, this study has preliminarily proven that PM2.5 plays a certain role in the occurrence and development of cervical cancer.
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![Effects of different concentrations of PM2.5 on HeLa cell proliferation. Compared with NC group, PM2.5 at 10 µg/ml showed no significant effect on cell proliferation, while PM2.5 inhibited the proliferation of HeLa cells at concentrations of 25, 50, 100 and 200 µg/ml.](ol-16-06-7068-g00){#f1-ol-0-0-9516}

![Transwell invasion assay. The cell migration of two groups was observed. H&E staining showed that compared with control group, the treatment with PM2.5 at 10 µg/ml significantly promoted cell invasion. \*P\<0.05.](ol-16-06-7068-g01){#f2-ol-0-0-9516}

![Western blotting. Compared with HeLa cells in NC group, the relative expression levels of (A) IL-1 and (B) IL-6 proteins in HeLa cells treated with 10 µg/ml PM2.5 were significantly increased. (C) Western blots of IL-1 and IL-6 protein in the two groups of cells are shown. \*P\<0.05.](ol-16-06-7068-g02){#f3-ol-0-0-9516}

![RT-qPCR. The relative expression levels of (A) IL-1 and (B) IL-6 mRNA in HeLa cells treated with 10 µg/ml PM2.5 were significantly higher than those in NC group (P\<0.05). \*P\<0.05.](ol-16-06-7068-g03){#f4-ol-0-0-9516}

![ELISA. ELISA was used to detect the expression of IL-1 and IL-6 in two groups of cells. The OD values of IL-1 and IL-6 in HeLa cells treated with 10 µg/ml PM2.5 were significantly higher than those in NC group. \*P\<0.05.](ol-16-06-7068-g04){#f5-ol-0-0-9516}

###### 

Primer sequences

  Gene    Upstream primers               Downstream primers
  ------- ------------------------------ ------------------------------
  IL-1    5′-GCACAGTTCCCCAACTGGTA-3′     5′-AAGACACGGGTTCCATGGTG-3′
  IL-6    5′-TTCGGCAAATGTAGCATC-3′       5′-AATAGTGTCCTAACGCTCATAC-3′
  GAPDH   5′-GGCACAGTCAAGGCTGAGAATG-3′   5′-ATGGTGGTGAAGACGCCAGTA-3′
